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Abstract 
In this research, input parameters such as pulse on time (TON), pulse off time (TOFF), peak current (IP), wire feed (WF), wire 
tension (WT), and servo voltage (SV) has been selected for process capability investigation in WEDM process. The process 
capability index was evaluated for machining characteristics such as machined work-piece dimension (MWD) and surface 
roughness (SR). Taguchi’s approach to experiment design and analysis was utilized to study the influence of machining 
parameters on the process capability index. Single response optimization was performed for both machining characteristics to 
find out the parametric setting which could optimize WEDM process capability. Surface integrity aspects such as microstructure 
analysis (including, debris, cracks, and crater size etc.) of the selected machined titanium samples have also been investigated.  
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1. Introduction 
In recent years, process-capability analysis has played a very important role in assuring quality of manufactured 
products. Process-capability measures the ability of the process to produce parts between engineering specification 
limits.  Process capability (Cp) indicates the dispersion of the product’s quality characteristics (dimensions) within 
the specified specification limit set by the designer, while Process capability index (Cpk) indicates the centering of 
the manufacturing process with respect to the mean of the specified specification limits of the product. Cpk gives us 
an idea on whether the manufacturing process is performing at the middle of the tolerance zone or nearer the upper 
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or lower tolerance limits. If the manufacturing process is performing nearer the lower limit, then the process 
performance capability index is given by Cpkl, and if the manufacturing process performance is nearer the upper 
limit, then the process performance capability index is given by Cpku. As a measure of precautionary safety, the 
minimum value between the two is taken as the value of Cpk [1]. The larger the index, the less likely it is that any 
item will be outside the specifications. Process-capability analysis is a technique applied in many stages of the 
product cycle, including process design, product design, manufacturing and manufacturing planning, since it helps 
to determine the ability to manufacture parts within the tolerance limits and engineering values [2]. Manufacturing 
processes always exhibit some variation in their manufactured product’s dimension. This variation can be caused by 
mainly two factors; assignable and non-assignable causes. Variation caused by factors which can be clearly 
identified and possibly controlled is called assignable causes while variation which is inherent in the process itself is 
called non assignable variation. Motorola quality experts suggested that the process used to produce goods should be 
such that the probability of making a defect in product should be at the lowest. Motorola applied process capability 
for their product design  by adopting six-sigma limits [3].The process capability index (Cpk) reveals number of parts 
being produced fit into the range specified by the design limits. If the design limits are larger than the three sigma 
allowed in the process, then the mean of the process can be allowed to shift its center before readjustment, and a 
high percentage of good parts will still be produced. If process has more off-center its mean then there will be 
greater chance to produce defective parts [3]. 
          WEDM (Wire electro-discharge machining) is found to be an extremely potential non-conventional thermal 
based machining process in which the electric spark is generated between workpiece and tool (conductive brass 
wire) flushed with de-ionized water. The material removal takes place due to rapid and repetitive electric discharges 
between work piece and wire connected in an electrical circuit. The gap across the wire and workpiece ranges 
between 0.025-0.075 mm. A liquid dielectric medium is continuously flushed out in the machining gap to eject the 
molten material [4]. Fig. 1 represents the schematic diagram of WEDM.  
Numerous studies have been reported in the recent past on investigation and optimization of performance 
measures of WEDM process using various design of experiments techniques [5-9]. Various performance 
characteristics such as material removal rate (MRR), wire wear ratio (WWR), surface roughness (SR) or geometrical 
inaccuracy such as Dimensional deviation etc. have been optimized in these studies, through systematic variation of 
input parameters of WEDM process in the form of controlled experiments. There has been a critical lack of 
investigation on the issue of process capability of WEDM process in terms of process efficiency, quality of output or 
economy. Hence, the objective of this investigation is to focus on the evaluation and optimization of the process 
capability index of WEDM process for two important quality characteristics; machined workpiece dimension 
(MWD) and surface roughness (SR). 
 
 
 
 
  Fig. 1 Schematic diagram of WEDM 
 
2. Experimentation (materials, method and measurement) 
Commercially Pure titanium was selected as a work material in the form of rectangular block of thickness 24.25 mm 
(Fig. 2). The chemical composition of work material taken for experimentation was C: 0.06%, N: 0.001%, O: 
0.002%, Fe: 0.10% and Ti: 99.82%. The experiments were performed on Sprintcut (ELPULS-40A DLX) wire-EDM 
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manufactured by Electronica Machine Tool Limited, India. Zinc coated brass wire (0.25 mm) was used as electrode. 
Six process parameters namely pulse on time (TON), pulse off time (TOFF), peak current (IP), wire feed (WF), wire 
tension (WT), servo voltage (SV) and three one-way interactions viz. (TON ×TOFF), (TON ×IP) and (TOFF ×IP) were 
selected as input variables during intricate cutting of pure titanium with WEDM. The experiments were carried out 
with fixed value of wire offset (0.148mm), CS override (100%), dielectric fluid pressure (WP=1unit), pulse peak 
voltage (VP=2 unit) and distilled water as a dielectric fluid with a conductivity of 20S. All six variables were 
assigned three levels. Table 1 depicts the values of the levels of the selected process variables.  
 
 
 
 
Fig. 2.Titanium workpiece 
 
Table1. Process parameters and their levels. 
Process Parameters(unit) Parameter Designation Level 1 Level 2 Level 3 
Pulse on time (μs) A 0.5 0.7 0.9 
Pulse off time (μs) B 7 9.5 14 
Peak Current (Amp.) C 80 140 200 
Wire feed (m/min) D 6 8 10 
Wire Tension (gm ) E 850 1200 1600 
Servo Voltage (Volts) F 30  50  70 
 
The orthogonal array forms the basis for the experimental analysis in the Taguchi method. The selection of 
orthogonal array is concerned with the total degree of freedom of process parameters. Total degree of freedom 
(DOF) associated with six parameters and three one way interactions is equal to 24 (4×3+6×2). The degree of 
freedom for the orthogonal array should be greater than or at least equal to that of the process parameters. Thereby, a 
L27 orthogonal array having degrees of freedom equal to 26 has been considered in present case. The experimental 
layout is shown in Table 2. 
 
Table 2. L27 Orthogonal array with parameters and interactions assigned to columns. 
Run A  
1 
B 
2 
A×B 
3 
A×B 
4 
C 
5 
A×C 
6 
A×C 
7 
B×C 
8 
D 
9 
E 
10 
B×C 
11 
 F 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
 16 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
2 
2 
2 
3 
3 
3 
1 
1 
1 
2 
2 
2 
3 
1 
1 
1 
2 
2 
2 
3 
3 
3 
2 
2 
2 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 
3 
3 
3 
3 
3 
3 
1 
1 
1 
2 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
1 
2 
3 
1 
2 
3 
1 
2 
3 
2 
3 
1 
2 
3 
1 
2 
1 
2 
3 
1 
2 
3 
1 
2 
3 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
2 
3 
1 
3 
1 
2 
1 
2 
3 
2 
3 
1 
3 
1 
2 
3 
2 
3 
1 
3 
1 
2 
2 
3 
1 
3 
1 
2 
1 
1 
2 
3 
2 
3 
1 
3 
1 
2 
3 
1 
2 
1 
2 
3 
2 
1 
2 
3 
3 
1 
2 
2 
3 
1 
1 
2 
3 
3 
1 
2 
2 
1 
2 
3 
3 
1 
2 
2 
3 
1 
2 
3 
1 
1 
2 
3 
3 
761 Rupesh Chalisgaonkar and Jatinder Kumar /  Procedia Engineering  97 ( 2014 )  758 – 766 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
2 
2 
2 
3 
3 
3 
1 
1 
3 
3 
3 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
1 
1 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
3 
1 
3 
1 
2 
3 
1 
2 
3 
1 
2 
1 
2 
2 
3 
1 
2 
3 
1 
2 
3 
1 
1 
2 
1 
2 
3 
2 
3 
1 
3 
1 
2 
2 
3 
3 
1 
2 
1 
2 
3 
2 
3 
1 
3 
1 
2 
3 
1 
3 
1 
2 
1 
2 
3 
3 
1 
1 
2 
3 
3 
1 
2 
2 
3 
1 
1 
2 
3 
1 
2 
2 
3 
1 
1 
2 
3 
 
Based on the experimental layout depicted in Table 2, the experiments were performed in random order and each 
specific experiment was repeated three times to obtain a precise estimate of the experimental error. Two machining 
characteristics namely machined work-piece dimension (MWD) and surface roughness (SR) were measured. In each 
experimental run, 6mm×6mm square punch was cut from the work piece and subsequently measured by Mitutoyo 
micrometer (least count 1 μm). Roughness tester (Mitutoyo make) was used for measurement of mean surface 
roughness (Ra) of the machined samples. The cut off length (λc) and the sampling number were chosen as 0.8 mm 
and 5 respectively. Three independent readings were taken on each surface of machined surface and the average was 
taken. Table 3 depicts experimental results. 
 
Table 3. Experimental results (raw data). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results and discussion 
 
3.1 Estimation of process capability: Process capability of response parameters (Machined workpiece dimension 
and surface roughness) was calculated as per following steps. 
 
3.1.1 Computation of mean ( : Mean was calculated for each experimental run by using following equation. 
 
Exp. No. MWD1(mm) MWD2(mm) MWD3(mm) SR1(μm) SR2(μm) SR3(μm) 
1 6.001 6.005 6.004  1.930 2.200 2.123 
2 6.001 6.006 6.002 2.093 2.217 2.114 
3 6.015 6.015 6.013 1.983 2.211 1.997 
4 6.019 6.026 6.022 1.983 2.037 2.023 
5 6.005 6.006 6.003 2.083 2.173 2.152 
6 6.013 6.014 6.012 2.020 2.039 1.990 
7 6.018 6.020 6.017 1.990 2.057 2.016 
8 6.03 6.032 6.031 1.893 2.000 1.992 
9 6.012 6.014 6.013 2.017 2.117 2.019 
10 5.997 5.999 5.996 2.223 2.443 2.334 
11 6.007 6.007 6.005 2.193 2.280 2.268 
12 5.995 5.996 5.995 2.333 2.457 2.358 
13 5.996 5.998 5.997 2.177 2.640 2.552 
14 5.997 6.000 5.999 2.287 2.267 2.297 
15 6.01 6.011 6.015 2.210 2.387 2.192 
16 6.017 6.016 6.013 2.240 2.220 2.337 
17 5.994 5.993 5.995 2.367 2.487 2.396 
18 6.000 6.005 6.002 2.390 2.487 2.357 
19 6.000 6.003 6.001 2.320 2.210 2.255 
20 5.991 5.992 5.990 2.873 2.992 2.782 
21 5.985 5.981 5.980 2.890 3.010 2.423 
22 5.995 5.994 5.992 2.520 2.420 2.510 
23 5.998 6.001 5.999 2.597 2.377 2.478 
24 5.987 5.988 5.986 2.533 2.543 2.540 
25 5.993 5.992 5.991 2.520 2.350 2.450 
26 5.993 5.993 5.992 2.507 2.243 2.347 
27 6.007 6.010 6.004 2.453 2.410 2.440 
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Mean (                     (1) 
 
Where xi represents value of response parameter for ith replicate of a particular trial and N is the number of 
replicates. 
 
3.1.2 Computation of standard deviation (σ): Standard deviation was computed by using following equation. 
Standard deviation (σ) =                                                                                                  (2) 
where xi represents the value of response parameter for ith replicate of a particular trial and   is the mean 
of the N replicates for a trial. 
 
3.1.3 Process capability index (Cpi) = For calculating process capability index (Cpi) of each experimental run, 
following equation was followed. 
 
 Capability index Cpi [1] =                                                   (3) 
 
Where  
USL= Upper specification limit for each response  
LSL= Lower specification limit for each response  
 
The following specifications limits were selected for process capability analysis. 
Upper specification limit for MWD= 6.05 mm ,  
Lower specification limit for MWD= 5.95mm,  
Upper specification limit for SR = 3.0 μm,  
Lower specification limit for SR= 0.0 μm. 
 
=mean value of machining characteristic for each experimental run.  
σ= Standard deviation of  machining characteristic for each experimental run. 
Cpi= Process capability index of machining characteristic for each experimental run. 
 
The above statistical indices were calculated and reported in table 4. 
 
Table 4.Calculation steps for evaluating process capability index (Cpi) 
Exp. No. MWD( ) σ(MWD) Cpi(MWD) SR1( ) σ(SR)  Cpi(SR) 
1 6.003333 0.0017 9.152 2.084333 0.113567 2.687 
2 6.003 0.00216 7.252 2.141333 0.054187 5.282 
3 6.014333 0.000943 12.61 2.063667 0.104337 2.991 
4 6.022333 0.002867 3.216 2.014333 0.022881 14.359 
5 6.004667 0.001247 12.115 2.136 0.038445 7.491 
6 6.013 0.000816 15.105 2.016333 0.020171 16.255 
7 6.018333 0.001247 8.463 2.021 0.02758 11.832 
8 6.031 0.000816 7.756 1.961667 0.048664 7.112 
9 6.013 0.000816 15.105 2.051 0.046676 6.777 
10 5.997333 0.001247 12.65 2.333333 0.089816 2.474 
11 6.006333 0.000943 15.438 2.247 0.038497 6.52 
12 5.995333 0.000471 32.055 2.382667 0.053543 3.843 
13 5.997 0.000816 19.187 2.456333 0.200759 0.902 
14 5.998667 0.001247 13.006 2.283667 0.012472 19.144 
15 6.012 0.00216 5.863 2.263 0.087989 2.792 
16 6.015333 0.0017 6.798 2.265667 0.051097 4.79 
17 5.994 0.000816 17.962 2.416667 0.051123 3.803 
18 6.002333 0.002055 7.732 2.411333 0.055174 3.556 
19 6.001333 0.001247 13.006 2.261667 0.045154 5.45 
20 5.991 0.000816 16.738 2.882333 0.085986 0.456 
21 5.982 0.00216 4.937 2.774333 0.253214 0.297 
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3.2 Single response optimization. 
In Taguchi method, the objective parameters are converted to signal-to-noise (S/N) ratio which is treated as 
the quality characteristics evaluation index. The least variation and the optimal design are obtained by 
means of the S/N ratio. The higher value of S/N ratio is desirable for achieving robust process performance. 
Depending on the required objective characteristics, there are three types of S/N ratio- the lower-the better, 
the higher-the-better and the nominal-the-better. In this research work, the aim is focused on maximizing 
the process capability index (Cpi) to reduce the deviation of response parameters (MWD and SR) from the 
specification limits. Following equation was used for calculating S/N ratio. 
                                                    (4) 
                    
Where yij is the response value of a characteristic in ith replicate of the jth trial and n is the total number of 
trials. 
 
Fig. 3 and 4 show the S/N ratio plots for Cpi(MWD) and Cpi(SR) respectively. Results were obtained with the 
help of MINITAB 16 software and have been tabulated in Table 5. 
 
 
Fig. 3 S/N ratio plot for Cpi(MWD) 
 
 
Fig. 4 S/N ratio plot for Cpi(SR) 
22 5.993667 0.001247 11.67 2.483333 0.044969 3.829 
23 5.999333 0.001247 13.184 2.484 0.089915 1.912 
24 5.987 0.000816 15.105 2.538667 0.00419 36.701 
25 5.992 0.000816 17.146 2.44 0.069761 2.675 
26 5.992667 0.000471 30.169 2.365667 0.108583 1.947 
27 6.007 0.002449 5.851 2.434333 0.018006 10.471 
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Table 5 Single response optimal parameter setting 
Response  Characteristics Optimal parametric setting 
Machined workpice dimension (MWD) TON- 0.7μs,TOFF-7 μs,IP-140 A WF-10 m/min, 
WT- 1200 gm, SV-30 V 
 
Surface Roughness(SR) TON- 0.5μs,TOFF-9.5 μs,IP-200 A WF-10 m/min, 
WT- 1200 gm, SV-70 V 
 
4. Confirmation experiments 
The final step of the Taguchi’s parameter design is to predict and verify the improvement of the performance 
characteristics with the selected optimal parametric setting. The predicted optimum values of the S/N ratio (ηopt) 
using the optimal level of process parameters can be calculated as. 
ηopt   =  ηm +                                                                                                           (5) 
         
where ηm  represents the mean value of S/N ratio (considering all experimental runs), ηi is S/N ratio corresponding to 
optimum factor level and n is the number of factors. 
 
The results of the confirmation tests held at the optimized conditions are shown in Table 6. The predicted 
machining performance was compared with the actual machining performance and a good agreement was obtained 
between the two performances, thus validating the results. The improvement of the Cpi(MWD) from the initial  
parametric setting was found to be 17.63 (2.92 times) and 18.133 (7.74 times) for Cpi(SR) respectively. Hence the 
machining performance is improved significantly at the optimal conditions.  
Table 6 Confirmatory results 
Process parametric condition Cpi(MWD)-Process parametric setting Cpi(SR)- Process parametric setting 
Initial level 9.152 -TON1TOFF1IP1WF1WT1SV1 2.687 -TON1TOFF1IP1WF1WT1SV1 
Predicted optimal condition 25.58 -TON2TOFF1IP2WF3WT2SV1 20.38-TON1TOFF2IP3WF3WT2SV3 
Experimental 26.79 -TON2TOFF1IP2WF3WT2SV1 20.82-TON1TOFF2IP3WF3WT2SV3 
 
5. Microstructure aspects 
 
Surface integrity was investigated for samples machined at the optimal parametric settings for the process capability 
indexes investigated in the study. The machined specimens were etched with Kroll’s reagent (2 ml HF, 10 ml 
HNO3, and 88 ml pure water) and then subsequently cleaned with acetone before microstructure analysis. Scanning 
Electron Microscope (Make Zeiss EV040) was used to investigate the effect of machining parameters on craters, 
cracks, debris, and spherical deposits on the machined surfaces of the selected samples. Fig. 5 represents SEM of 
machined surface under optimal parametric setting (TON- 0.7μs, TOFF-7 μs,IP-140 A WF-10 m/min, WT- 1200 gm, 
SV-30 V) for Cpi(MWD)  while Fig. 6 shows sample surface machined under optimal parametric setting (TON- 
0.5μs,TOFF-9.5 μs,IP-200 A WF-10 m/min, WT- 1200 gm, SV-70 V) for Cpi(SR). 
By comparing both the optimal parametric settings (between Fig. 5 and 6), it is clear that the pulse discharge energy 
is lower for the sample machined at the optimal setting for Cpi(SR), as lower value of pulse on time (0.5 μs) is 
coupled with higher values of off time (9.5μs) and spark voltage (70V). The overall effect of reduced level of the 
pulse discharge energy results in decreased size of debris, craters, cracks and spherical droplets observed in Fig. 6 as 
compared to Fig. 5. 
Higher amount of pulse on time increases the concentration of pulse discharge energy, resulting in availability of 
more amount of thermal energy for melting and evaporation of work piece material. The increment of pulse off time 
is related with decreased number of discharges within a given period and increased spark gap set voltage increases 
the average discharge gap between wire and workpiece resulting in decrement of the effective pulse discharge 
energy. The crater formation depends upon the impact of pulse discharge energy which decides the erosion rate of 
the material. Debris formation occurs due to molten material not being effectively flushed out by the forced 
dielectric circulation, that is re solidified (during off time) to form an undulating terrain of debris. The spherical 
nodules result from the solidification of molten or vaporized workpiece material and wire material during WEDM 
process. The cracks are formed due to development of high thermal stresses exceeding the fracture strength of the 
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material, as well as with plastic deformation [10]. These thermal stresses occur due to rapid or uneven cooling after 
the pulse discharge. 
So, it is concluded from comparison of surface integrity of both specimens that the sample machined at the 
optimized process setting (for surface roughness) results in better microstructural aspects as compared to specimen 
machined under the process setting corresponding to optimal capability index for MWD. 
 
 
 
Fig. 5 SEM of machined surface under parametric setting (TON- 0.7μs, TOFF-7 μs, 
IP-140 A WF-10 m/min, WT- 1200 gm, SV-30 V) 
 
Fig. 6 SEM of machined surface under parametric setting (TON- 0.5μs,TOFF-9.5 
μs,IP-200 A WF-10 m/min, WT- 1200 gm, SV-70 V) 
 
6. Conclusions 
In the present study, issues of process capability and surface integrity have been investigated for WEDM of pure 
titanium. Following conclusions may be drawn from this work- 
1. The optimized process parametric setting for process capability index (MWD) was found to be: TON- 0.7μs, 
TOFF-7 μs, IP-140 A, WF-10 m/min, WT- 1200 gm, SV-30 V. For Surface roughness, the optimal setting is 
different (TON- 0.5μs, TOFF-9.5 μs, IP-200 A WF-10 m/min, WT- 1200 gm, SV-70 V). 
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2. The optimal values of the Cpi(MWD) and Cpi(SR) have been found to be much higher than unity (26.8 and 20.8 
respectively), which reflects the high process capability of WEDM process for the selected machining 
operation for the Ti work material. Enormous improvement in the capability index was realized by using the 
optimal process setting in both cases.  
3. Surface integrity evaluation of samples machined under the optimal parametric setting revealed that sample 
machined under parametric setting for optimal SR (Cpi) exhibits smoother surface and better microstructure 
aspects in terms of craters, debris, spherical deposits and cracks. 
4. Further, the mechanism of crater, debris, debris, and spherical deposits and cracks formation on machined 
surface has been found to be related with the pulse discharge energy.  
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